Shoaling wave fields generated in laboratory experiments were analyzed to determine the sensitivity of nonlinear interactions to the directional distributions of incident waves. Peaks in the directional spectra observed in shallow water were consistent with near-resonant, quadratic interactions between two primary waves transferring energy to a third wave with the sum frequency and vector sum wavenumber of the primary waves. Directionally colinear waves forced a higher-frequency wave propagating in the same direction as the primary waves, while directionally spread (i.e., noncolinear) primary waves forced a higher-frequency wave that propagated in a direction between those of the interacting primary waves. Deepwater wave fields with similar frequency spectra but different directional spectra evolved to different shallow-water directional spectra, yet their shallow-water frequency spectra were remarkably similar. This result suggests that the shape of the directional spectrum of the incident wave field has only a small effect on the magnitudes of nonlinear energy transfers during shoaling. The principal effect of directionality in the incident wave field is on the directions, not the amplitudes, of the nonlinearly generated waves. The laboratory data demonstrate clearly the importance of triad interactions between noncolinear and colinear shoaling waves.
where fi and k i are the scalar frequency and vector wavenumber, respectively, of the ith wave. For weakly nonlinear quadratic sum interactions, the wave components 1 and 2 each obey the lowest-order (linear) dispersion relation
Ikl = L(f). (lc)
The physical interpretation of (la) and (lb) is that the sum interaction between wave components 1 and 2 forces mo-tions with the scalar sum frequency and the vector sum wavenumber. This is true both when component 3 does not obey (lc) (the "bound corrections" of dispersive waves [Hasselmann, 1962] ) and when the sum component exactly satisfies the dispersion relation (lc) ("resonant" interactions [Armstrong et al., 1962] ). In the nonresonant case, energy transfers are small, whereas in the resonant case, energy transfers between all three modes can be large. Armstrong et al. [1962] showed that significant energy also can be exchanged between the three waves of the triad if the sum component nearly satisfies the dispersion relation ("near-resonant" interactions). Defining [k•l as the difference between the free (Ik31 -L(f3)) and the sum (Ika + k21) wavenumber magnitudes Ikl-+ k21-[k31,
the normalized wavenumber magnitude mismatch -Ikl/[k31 (2b) is a measure of the departure from exact resonance [Freilich and Guza, 1984] . When the mismatch is small, phase relationships (and thus the magnitudes and signs of energy transfers) between the interacting waves vary only slightly over a wavelength, allowing significant integrated crossspectral energy transfer over several wavelengths. The mismatch /5 can arise from dispersion in a triad involving colinear primary waves, from directional differences in a triad involving nondispersive waves, or from both dispersion and directional differences in the triad compo- Figure 7 ) with a specific case example. Deterministic models incorporating near-resonant triad interactions based on the weakly nonlinear, weakly dispersive Boussinesq equations [Peregrine, 1967 [Peregrine, , 1972 have been developed for a one-dimensional plane wave [Mei and •nlliata, 1972], a spectrum of normally incident waves on a plane beach [Freilich and Guza, 1984] , and two-dimensional wave fields [Liu et al., 1985] . The near-resonant formalism of Boussinesq shoaling models allows interactions between waves not exactly satisfying (lb), and weakly dispersive waves with some directional spread can be accommodated. In deterministic shoaling models based on the Boussinesq equations, energy transfers over relatively short evolution distances are driven by near-resonant interactions involving both colinear and noncolinear waves. Frequency dispersion is at least as important as directional spreading (e.g., equation (3) and Freilich and Guza, 1984 [1992] showed that appropriately scaled directional wave fields in the laboratory evolved in a manner qualitatively similar to those measured by FGE in the field. In both the field and the laboratory, the frequency-directional spectrum measured in shallow water deviated significantly from the predictions of two-dimensional linear theory [Collins, 1972 Armstrong et al. [1962] pointed out that mismatches can eventually change the sign of energy transfers, and thus the asymptotic effect of near-resonances may be small. Note, however, that high-order terms in the full equations (neglected in the approximate Boussinesq and nondispersive shallow-water models) may be important at large distances, and asymptotic results from these approximate models may not be valid [Freilich and Guza, 1984; Elgar et al., 1990a] . In any event, asymptotic solutions are not relevant to the wave fields considered here (and on many natural beaches) because modifications to the shoaling waves occur on scales O(5-10) wavelengths. When applying their model to shoaling waves, ALT neglect the mismatch owing to frequency dispersion because it "represents a small departure from the strict applicability of the model and is a compromise between the classical shallow The frequency resolution is given by Af. Multiply the dimensionless band number in the power, directional, and bicoherence spectra (Figures 1-6 ALT simulated the FGE data, and their nondispersive statistical model predicted well the observed evolution of the frequency-directional spectrum. They therefore concluded that overlaps in directional spectra of the primary waves provided sufficient colinear energy to drive significant resonant energy transfers to the sum frequency.
FGE suggested that the observed evolution of the shoaling, two-dimensional wave field was consistent with nearresonant (including both colinear and noncolinear) triad interactions. ALT argued that the success of the nondispersive statistical model demonstrated that purely resonant interactions between colinear waves were responsible for the observed spectral evolution and that the noncolinear interactions of the discrete Boussinesq models were actually unimportant.
Owing to the relatively large overlaps between directional spectra at different frequencies, the data presented by FGE are insufficient to determine whether colinear interactions alone (ALT) or both colinear and noncolinear interactions (FGE) are responsible for the observed evolution at the sum frequencies of the component waves. In the present study, the shoaling evolution of laboratory wave fields with directional spectra designed to eliminate overlap between interacting waves is investigated. The laboratory observations are presented and discussed in terms of potential interactions between colinear and noncolinear waves in section 2.
Results are summarized in section 3. 
Previous Experiments
At the laboratory deep array, the S10 directional wave field (see Table 1 for dimensional parameters) replicated the wave field measured at the deep field array reported by FGE. The evolution of the laboratory and ocean wave fields was also nearly identical (with suitable normalization), confirming that the laboratory simulations are accurate proxies for field observations, at least for these wave and beach conditions [Elgar et al., 1992] .
The observed shallow-water S10 frequency (i.e., nondirectional) spectrum (Figure 1 ) was elevated at bands 16 (2f•) and 23 (3f•) (e.g., harmonics of the dominant "swell" in band 8 (f•)) relative to predictions using linear theory (initialized with the measured deepwater frequencydirectional spectrum shown in Figure 2a) . The observed frequency-directional spectrum in shallow water (Figure 2c Table 1 for dimensional values) for the S10 wave field. The solid curve is the observed deepwater spectrum, the dashed curve is the observed shallow-water spectrum, and the dotted curve is the shallow-water spectrum predicted by linear finite-depth theory (lfdt) given the deepwater directional spectrum. quency spectra discussed here will be referred to as swell and sea peaks, respectively.)
New Laboratory Experiments
In the S10 wave field, the swell (f•) had much more energy than the sea (f2) (Figure 1) , and there was considerable directional overlap between the swell and the sea (Figure 2d ). Three additional wave fields, more strongly bimodal in both frequency and direction, were generated. All of these wave fields had approximately equal swell and sea energies in deep water, and two had little directional overlap between the deepwater swell and sea.
The first experiment compared the evolution of two deepwater wave fields (GBM81 and GBM85; Table 1) that had nearly identical frequency spectra but different directional distributions. The deepwater frequency spectra were dominated by (nearly equal) energy at frequency bands 7 (swell, f•) and 14 (sea, f2) (Figure 3a) . GBM81 was directionally unimodal, with all waves normally incident (not shown). GBM85 was directionally bimodal, with -•19 ø difference in the deepwater propagation direction of the normally incident swell (f•) and the obliquely incident sea (f2) (Figures 3b   and 3d ) and little directional overlap at either the deep or the shallow array (Figures 3d and 3e) . The largest directional overlap betweenf• and f2 in GBM85 was actually at normal incidence (-•0ø), where frequency f2 has a secondary directional peak (Figure 3d . Energy density versus frequency for the GBM71 wave field. The solid curve is the observed deepwater spectrum, the dashed curve is the observed shallow-water spectrum, and the dotted curve is the shallow-water spectrum predicted by linear finite-depth theory given the deepwater directional spectrum.
The additional secondary peak at 17 ø in band 21 ( Figure  3f ) was close to the vector sum direction (18 ø) of the band 7 secondary peak at 28 ø and the band 14 primary peak at 13 ø (Figure 3e ). The deepwater waves at 28 ø in band 7 were generated inadvertently by the mechanical wave paddle but were free to interact as they shoaled. As shown in Figure 3f , despite their approach to the beach at a relatively high angle, these waves participated in a noncolinear, near-resonant triad interaction. Thus, of the three directional peaks in band 21, only the secondary peak at 0 ø was driven by colinear interactions.
The deepwater frequency spectrum of an additional new wave field (GBM71; Table 1 and Figure 4 ) was bimodal, with approximately equal power spectral levels E(f) at bands 7 (fl) and 10 (f2), in contrast to S10, for which E(fl) >> E(f2) (Figure 1) . Unlike GBM81 and GBM8$, f• and f2 for S10 and GBM71 were not integral multiples of each other. The 20 ø separation between the peak directions of these bands in GBM71 was similar to that for S10, but the deepwater directional spread at each of the energycontaining frequencies was much less than that for S10 (compare Figures 2a and 2d with 5a and 5d The nonlinear origins of all harmonic and combination spectral peaks of the GBM71 wave field were confirmed by bicoherence spectra (Figure 6 ). The shallow-water bicoherence was comparably strong for harmonic interactions (between colinear waves denoted by A, B, and F in Figure 6b ) and combination interactions (between noncolinear waves denoted by C, D, E, and G in Figure 6b ). Phase coupling involving the combination tones could be detected both in deep (Figure 6a) and shallow (Figure 6b) water, where the angular separation of the swell and sea directional peaks was approximately 20 ø and 8 ø, respectively.
The shallow directional spectra for S10, GBM85, and GBM71 (Figures 2c, 3c , and 5c, respectively) were consistent with the importance of both colinear and noncolinear triad interactions, as were the bicoherence spectra ( 
